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[1] A zonally averaged photochemical–dynamical model of the middle atmosphere is
used to simulate the quasi-biennial oscillation (QBO) and its effect on the distributions of
stratospheric H2O, CH4, and age of air. Changes in planetary wave amplitudes of ±25%
cause 2–3 month changes in QBO period. Comparable changes in prescribed tropical
heating have a smaller effect on the QBO period. The response of tropical upwelling, and
QBO period, to changes in extratropical forcing depends on the magnitude and location of
the imposed changes. In the Southern Hemisphere, where the planetary wave forcing is
smaller than in the Northern Hemisphere, increased forcing produces stronger equatorial
upwelling and a longer QBO period. In the Northern Hemisphere, increased forcing
produces weaker upwelling and a shorter QBO period due to the larger amplitude waves
becoming saturated. Overall, the effect of the QBO is to produce a slightly younger mean
age of air near the tropical stratopause due to the model not exactly reproducing the
strength and duration of the observed westerly wind shear. The QBO in lower
stratospheric H2O, but not CH4, results primarily from meridional circulation anomalies
superimposed upon background gradients in H2O mixing ratio that are maintained by the
annual cycle in lower stratospheric H2O. QBO modulation of horizontal eddy transport
plays a much smaller role. A realistic annual cycle in equatorial H2O mixing ratio at the
model tropopause produces a QBO variation in lower stratospheric H2O of 0.1–0.2 ppmv.
The effect of the QBO on model tropical tropopause temperatures doubles the amplitude
of the water vapor QBO at 20 km. INDEX TERMS: 0341 Atmospheric Composition and Structure:

Middle atmosphere—constituent transport and chemistry (3334); 3334 Meteorology and Atmospheric

Dynamics: Middle atmosphere dynamics (0341, 0342); 3374 Meteorology and Atmospheric Dynamics:

Tropical meteorology; KEYWORDS: QBO, water, vapor, methane, stratosphere

Citation: McCormack, J. P., and D. E. Siskind, Simulations of the quasi-biennial oscillation and its effect on stratospheric H2O, CH4,

and age of air with an interactive two-dimensional model, J. Geophys. Res., 107(D22), 4625, doi:10.1029/2002JD002141, 2002.

1. Introduction

[2] Interannual variability in tropical stratospheric ascent
is dominated by circulation anomalies associated with the
quasi-biennial oscillation (QBO) in equatorial zonal winds.
The QBO consists of alternating easterlies and westerlies
that first appear in the equatorial upper stratosphere and
descend at a rate of approximately 1 km month�1 (for a
comprehensive review of QBO observations and theory, see
the work of Baldwin et al. [2001]). During periods of
westerly (easterly) shear, a pattern of anomalous vertical
motion is established consisting of weaker (stronger) ascent
over the equator and stronger (weaker) ascent over the
subtropics [Reed, 1964]. The resulting downward (upward)
anomalies in the ascent rates produce warm (cold) temper-
ature anomalies to maintain a cross-equatorial temperature
gradient that is in thermal wind balance with the zonal wind

shear [e.g., Andrews et al., 1987]. This QBO-induced
circulation then alters the latitude/height distributions of
long-lived stratospheric constituents such as H2O, CH4, odd
nitrogen compounds, and O3. The goal of this paper is to
describe the effects of the QBO on the stratospheric dis-
tributions of H2O, CH4, and age of air using an interactive
zonally averaged photochemical–dynamical model.
[3] Previous modeling studies of QBO variability in

stratospheric constituents have highlighted the interaction
between the annually varying mean meridional circulation
and the QBO-induced circulation anomalies. For example,
Gray and Pyle [1989] successfully reproduced many of the
QBO-related features observed in global satellite-based total
ozone column records using a self-consistent (i.e., not
imposed) QBO in equatorial zonal winds. These features
include the phase reversal of the total ozone QBO between
the equatorial and subtropical regions, the synchronization
of the extratropical signal with the seasonal cycle, and the
hemispheric asymmetry in the high latitude total ozone
QBO. The latter two features arise from a nonlinear inter-
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action between the QBO-induced circulation and the sea-
sonally varying mean meridional circulation [Gray and
Dunkerton, 1990]. Jones et al. [1998] showed that the
resulting asymmetric pattern of vertical and horizontal
momentum advection in the tropics is strongest in the winter
hemisphere and is sufficient to explain the observed extra-
tropical QBO in total ozone. Jones et al. [1998] also showed
that QBO-related circulation anomalies can modify the
spatial gradients of long-lived trace gases in the tropical
stratosphere, which in turn affect the transport of these
constituents to the extratropics through mixing by breaking
planetary waves.
[4] The two primary sources of H2O throughout the

middle atmosphere (15–100 km altitude) are chemical
production at higher altitudes by methane oxidation and
transport of water vapor across the tropical tropopause [e.g.,
Summers et al., 1997]. The amount of H2O transported
across the tropical tropopause is dependent on both the
strength of the upward motion and the temperature distri-
bution in that region. Bacmeister et al. [1998] showed that
annual mean ascent rates in the tropical stratosphere above
20 km can be sensitive to changes in the strength of a
prescribed latent heat source and to changes in the ampli-
tude of extratropical planetary wave forcing. Because adia-
batic cooling associated with ascent controls the variations
in tropical lower stratospheric temperatures [Yulaeva et al.,
1994; Holton et al., 1995], the strength of upward motion
influences the saturation mixing ratio of air parcels entering
the lower stratosphere, producing the well-known ‘‘tape
recorder’’ effect [Mote et al., 1996]. The study of Summers
et al. [1997] used a fixed lower boundary value for H2O, so
the sensitivity of the lower stratospheric water vapor budget
to varying ascent rates could not be determined. More
recently, Gettleman et al. [2000] carried out simulations
of water vapor exchange across the tropical tropopause
using a three-dimensional chemical tracer model that was
able to reproduce the tape recorder effect in a qualitative
sense using prescribed winds and temperatures. How the
stratospheric H2O distribution responds to changes in trans-
port and temperature related to the QBO in an interactive
model simulation remains an open question.
[5] An analysis of HALOE H2O and CH4 measurements

by Randel et al. [1998] confirms that the distributions of
these long-lived constituents are influenced by QBO-
induced circulation anomalies [e.g., Randel et al., 1999].
Above 30 km, the H2O and CH4 anomalies are opposite in
sign to one another, which is consistent with the fact that
H2O increases with height and CH4 decreases with height
throughout the middle atmosphere. Below 30 km, however,
there is evidence of a QBO signal in equatorial water vapor
in the lower stratosphere but no evidence of a methane QBO
[Randel et al., 1998; Baldwin et al., 2001]. This suggests a
dynamical origin for the water vapor QBO anomaly in the
lower stratosphere involving processes that control the
transport of water vapor across the tropical tropopause
[Dunkerton, 2001]. While these observations indicate a
clear QBO signal in water vapor throughout the equatorial
stratosphere, the data records are not of sufficient length to
investigate long-term (i.e., decadal) variability in strato-
spheric water vapor and methane arising from interactions
between the QBO and the annual cycle, similar to what has
been observed in the total ozone records.

[6] In the present work, we use an updated version of a
zonally averaged two-dimensional photochemical–dynam-
ical model of the middle atmosphere, CHEM2D, to quantify
the effect of the QBO on water vapor, methane, and the age
of air in the middle atmosphere. The latest version of
CHEM2D contains two important new features designed
to simulate more realistic interannual variability in the
transport of long-lived trace constituents such as O3, H2O,
and CH4. These features include an interactive (i.e., not
imposed) parameterization for the QBO and an annually
varying source of lower stratospheric H2O that is consistent
with modeled tropical tropopause temperatures (i.e., the
tape recorder effect). Using this approach, we first evaluate
the sensitivity of the zonal wind QBO to other processes
controlling tropical ascent rates (namely, the strength of
extratropical planetary wave forcing and localized tropical
heating), and then examine the interannual variability in
stratospheric H2O and CH4 arising from interactions
between the QBO and the seasonal cycle in tropical tropo-
pause temperatures.
[7] The paper is organized as follows: section 2 describes

the current model formulation; section 3 examines the
sensitivity of the modeled QBO to changes in the strength
of planetary wave activity and diabatic heating, the effect of
the QBO on age of air estimates, and the low-frequency
variability in stratospheric constituents resulting from the
interaction between the QBO and the annual cycle; section 4
examines the QBO in the model H2O and CH4 distributions
and its relationship with the annual cycle in water vapor at
the tropical tropopause; section 5 summarizes these results
and discusses further applications of this model for studying
the long-term evolution of tracer transport in the middle
atmosphere.

2. CHEM2D Model Description

[8] The zonally averaged CHEM2D model features a
self-consistent treatment of radiative, photochemical, and
dynamical processes in the middle atmosphere [e.g., Bac-
meister et al., 1995, 1998; Summers et al., 1997; Siskind et
al., 1997]. The model grid points are spaced every 4.8� in
latitude from pole to pole, with 41 levels in the vertical
between the model surface (p = 1000 hPa) and the model
top ( p = 2 � 10�4 hPa or �106 km altitude) spaced every
2.6 km. Radiative calculations are performed once per day,
and the model dynamics are updated every 2 hours. This
section highlights several features of the model dynamics
that are relevant for constituent transport by the mean
meridional circulation. Siskind et al. [2000] reviews the
updated chemistry and advection schemes in the current
version of the model. The most recent version of CHEM2D
has an improved parameterization for gravity wave drag by
zero phase speed waves [Siskind et al., in review, 2002].
[9] Zonal mean winds from a 20 year reference simulation

are shown in Figure 1 for the months of January and July.
The model captures several important dynamical features
including the wintertime zonal wind profile in the midlati-
tude stratosphere and the differing strengths of the polar jets
between the two hemispheres. One feature of earlier
CHEM2D simulations of the middle atmosphere is the
persistence of the polar vortex past late winter and well into
spring. This is a result of insufficient gravity wave drag
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leading to reduced descent and adiabatic heating within the
polar vortex. In the past, this problem has been corrected by
imposing arbitrary sources of wave-induced drag. The grav-
ity wave drag parameterization in the latest version of the
CHEM2D model reduces, but does not completely elimi-
nate, the problem. Since the vertical velocity field in the
equatorial lower stratosphere is sensitive to imposed wave
drag through nonlocal forcing of the meridional circulation,
ad hoc corrections can introduce unwanted irregularities in
the modeled descent of alternating phases of the QBO. To
avoid these irregularities, the present version of CHEM2D
does not arbitrarily increase planetary wave amplitudes
every spring to force a final warming of the polar vortex.
[10] Several past observational and modeling studies have

suggested a coupling between the semiannual oscillation
(SAO) in equatorial zonal winds and the QBO. For example,
Gray and Pyle [1989] demonstrated that the maximum
westerly acceleration of the modeled zonal wind QBO
appears during periods of SAO westerlies. Furthermore,
there is evidence that the easterly phase of the mesospheric
SAO is stronger during the stratospheric QBOwesterly phase
[Burrage et al., 1996; Garcia et al., 1997], giving rise to an
apparent mesospheric QBO. Both past and present versions
of CHEM2D generate a weak semiannual oscillation (SAO)
in equatorial zonal winds between 45 and 80 km due to

advection of easterly momentum by the seasonally varying
meridional circulation [Summers et al., 1997]. This ‘‘sponta-
neous’’ SAO does not produce the annual mean westerly
flow that is observed between 60 and 80 km [Garcia et al.,
1997], which indicates that the model lacks an appropriate
source of westerly (or eastward) momentum. A realistic SAO
in equatorial zonal wind can be produced with the inclusion
of additional equatorial gravity wave modes [see Garcia et
al., 1992]. However, because the present work focuses solely
on the dynamical and transport effects of the QBO, the model
does not include any explicit SAO parameterization. Inter-
actions between the QBO and SAO in the CHEM2D model
will be the subject of a future study.

2.1. Mechanical and Thermodynamic Forcing

[11] The dynamical framework of the model is based on
the Transformed Eulerian Mean (TEM) formulation, in
which the residual meridional circulation is driven by
zonally averaged sources of momentum and thermodynamic
forcing [Andrews et al., 1987]. This circulation is determined
by combining the zonally averaged angular momentum and
thermodynamic equations, subject to the constraint of ther-
mal wind balance, to form a diagnostic relation for the
meridional stream function in terms of the total mechanical
forcing X and the total thermodynamic forcing H, where

X ¼ DGW þr 	 FPW � aRay�uþ
@

@z
Kmom

@

@z
�u

� �
ð1Þ

H ¼ Hrad þHLH � abdy
�q� �qNCEP
� �

þ @

@z
Ktherm

@

@z
�q

� �
: ð2Þ

The different components of the total forcing X and H are
described below; details of the individual components are
discussed by Bacmeister et al. [1998].
[12] The total mechanical forcing X consists of a gravity

wave drag (DGW) parameterization for both stationary and
nonzero phase speed gravity waves, the Eliassen–Palm
(EP) flux divergence associated with dissipating or breaking
planetary waves, drag due to Rayleigh friction (which
becomes significant at altitudes above 50 km), and vertical
mixing of momentum by gravity wave breaking and molec-
ular diffusion represented by the term Kmom (important in
the upper mesosphere). As mentioned in the Introduction, it
is the action of extratropical planetary waves through the EP
flux divergence term that drives the seasonally varying
meridional circulation and controls the annual temperature
cycle above the tropical tropopause. The contribution to X
from the EP flux divergence is determined through solution
of a linear, time-dependent, three-dimensional planetary
wave model using model winds and temperatures. Horizon-
tal mixing associated with planetary wave breaking is
estimated using an extension of the Garcia [1991] param-
eterization [Bacmeister et al., 1995]. Currently, the model
generates solutions for a fixed-amplitude zonal wave num-
ber 1 disturbance at the lower boundary. The amplitude of
this boundary condition varies with latitude but remains
constant throughout the year.
[13] The thermodynamic forcing H consists of the net

radiative heating rate Hrad, prescribed tropospheric heating
HLH representing latent heat released by convective activity
that is not explicitly included in the model, the estimated

Figure 1. Latitude–height cross sections of zonal wind in
(a) January and (b) July from model experiment Q0 (see
Table 1).
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lower atmospheric heating and cooling by surface processes
derived from National Centers for Environmental Prediction
(NCEP) climatological temperature analyses, and eddy dif-
fusion of heat (Ktherm) by breaking gravity waves in the
mesosphere. The net radiative heating rate Hrad is deter-
mined by merging the results of two different radiative
transfer schemes for the altitude region below 20 km [Rosen-
field et al., 1987] and the region above 20 km [Zhu et al.,
1992]. Unlike earlier studies [e.g., Summers et al., 1997],
shortwave heating and longwave cooling rates above 20 km
are determined using model temperature and constituent
fields, allowing for interaction between radiative and trans-
port processes in this region. The prescribed latent heating
HLH, as a function of latitude and altitude, is taken from
monthly mean climatological precipitation estimates
(K. Rosenlof, private communication, 1997). This differs
from the analytic form used previously by Bacmeister et al.
[1998]. For the coupled simulations presented here, all values
of the latent heating have been scaled by a factor of 0.5 to
make the modeled age of air in the stratosphere (see section
3.1) agree better with observations [Hall and Plumb, 1994].

2.2. Parameterization of the QBO

[14] The inclusion of the equatorial zonal wind QBO in
CHEM2D follows the theory of Lindzen and Holton [1968],
who showed that a realistic zonal wind QBO can be
generated from the preferential damping of a broad spec-
trum of upward propagating gravity waves. In the present
model, the vertical momentum flux resulting from the
radiative damping of easterly and westerly equatorial wave
modes can be parameterized in terms of the tropospheric
forcing (F ), phase speed (c), and model profiles of the
equatorial zonal wind (�u), buoyancy frequency (N ), and the
radiative damping rate (a) [Holton and Lindzen, 1972].
Although it has long been recognized that a broad spectrum
of gravity waves must provide the momentum flux neces-
sary to generate the observed QBO, numerous one-dimen-
sional and two-dimensional simulations have produced a
realistic QBO using a single Kelvin wave mode as a source
of westerly momentum and a single Rossby-gravity wave
mode as a source of easterly momentum [see Baldwin et al.,
2001, and references therein].
[15] Using the formulation of Dunkerton [1979], we add

an additional component to the zonally averaged mechan-
ical forcing X of the elliptical stream function equation (1)
representing the QBO forcing:

XQBO ¼ Fi exp
z� zo

H

h i
Di exp �Pi zð Þ½ 

Pi zð Þ ¼
Z z

zo

Di z
0ð Þdz0

D1 ¼
aN

k0 �u� c0ð Þ2

D2 ¼
aN

k1 �u� c1ð Þ2
b

k21 �u� c1ð Þ
� 1

� 	

where z is log-pressure altitude, zo = 17 km is the lower
boundary of the parameterization, Fi represents a constant
vertical momentum flux at zo, �u is the equatorial zonal wind
at level z, ci is the phase speed, and ki is the horizontal wave
number for the Kelvin and Rossby-gravity wave modes

i = 1, 2, respectively. The buoyancy frequency N and the b
factor have their usual definitions. The radiative damping
rate a(z) is specified according to the ‘‘slow’’ damping
profile of Dunkerton [1979]. The meridional extent of the
parameterized momentum forcing for both Kelvin and
Rossby-gravity gravity waves decreases exponentially away
from the equator with a characteristic length scale YL of the
form

YL ¼ 2N

b mij j

� �
ð4Þ

where the local vertical wave number mi for each mode is
determined by the dispersion relation for upward propagat-
ing waves in the presence of vertical wind shear [Plumb and
Bell, 1982; Andrews et al., 1987].
[16] For the Kelvin wave mode, F1 = 12 m2 s�2, c1 = 30

m s�1, and k1 corresponds to zonal wave number 2. For the
Rossby-gravity wave mode, F2 = �18 m2 s�2, c2 = �30 m
s�1, and k2 corresponds to zonal wave number 4. The values
of the parameters in (equation (3)) were chosen to produce a
QBO in lower stratospheric equatorial zonal winds that
most closely resembles the observed QBO in terms of
amplitude, period, and spatial extent, and are comparable
to values adopted in previous modeling studies using the
same QBO parameterization [Gray and Pyle, 1989; Jones et
al., 1998].
[17] Many of these earlier studies used a constant value

of the vertical momentum diffusion coefficient Kzz on the
order of 0.5–1.0 m2 s�1, which is �10 times larger than
estimates of diffusivity inferred from tracer transport in the
tropical lower stratosphere [Mote et al., 1998]. In the
present study we adopt a fixed vertical profile of Kmom

in the tropics that ranges from 0.05 m2 s�1 at 20 km up to
0.20 m2 s�1 at 45 km, similar to the observational
estimates of Mote et al. [1998]. In models with finer
vertical resolution (�100 m), using diffusivity estimates
based on observations can produce a permanent westerly
jet in the equatorial lower stratosphere, indicating that the
momentum diffusivity is too small in this region [Dunker-
ton, 2000]. Because of the relatively coarse vertical
resolution of the present model, these excessively large
shears were not present making any adjustments to the Kzz

profile unnecessary.

2.3. Varying Lower Boundary Condition for
Water Vapor

[18] The evolution of tracers in CHEM2D is governed by
the continuity equation for the mixing ratio m of a chemical
constituent

@m
@t

¼ ��v* @m
a@f

� �w*
@m
@z

þ P � Lð Þ þ 1

a2 cos2f

@ cosfKyy
@m
@f

h i
@f

þ 1

r

@ rKzz
@m
@z

h i
@z

ð5Þ

The mixing ratio tendency has contributions from advec-
tion by the meridional (�v*) and vertical (�w*) components
of the residual circulation, the net photochemical produc-
tion (P) and loss (L), horizontal eddy diffusion using Kyy

(3)

ACL 7 - 4 MCCORMACK AND SISKIND: SIMULATIONS OF THE QUASI-BIENNIAL OSCILLATION



from the planetary wave model, and vertical eddy
diffusion using Kzz = Ktherm = Pr

�1Kmom assuming a value
of 3 for the Prandtl number Pr [Summers et al., 1997;
Siskind, 2000].
[19] Earlier versions of CHEM2D specified a constant

value of H2O mixing ratio throughout the model tropo-
sphere (i.e., below 15 km). To produce a realistic simu-
lation of stratospheric water vapor transport, it is necessary
to account for the seasonal cycle in H2O mixing ratio in
the tropical lower stratosphere. This section describes how
this effect is included in the model using two different
methods.
[20] The first method is to impose a fixed sinusoidal

variation in tropical H2O mixing ratios at the model
tropopause, as in Figure 2a (solid curve). The second
method is to allow the model lower boundary condition
for water vapor mixing ratios to vary according to the
modeled tropical tropopause temperatures using the Clau-
sius–Clapeyron relation. Figure 2b shows the annual
cycle in equatorial temperatures at 15 km from a model
simulation using standard values of the planetary wave
forcing and latent heating with no QBO parameterization
(experiment Q0 in Table 1). The amplitude of the annual

cycle is �2 K, which is consistent with observed annual
cycle in zonal mean temperatures. However, using the
values of the model temperatures themselves produces an
annual cycle in H2O at the tropical tropopause that is
much larger than what is observed [e.g., Randel et al.,
2001]. This result is not surprising for a zonally averaged
model that lacks an explicit treatment of convection and
cloud microphysics. We find that by subtracting 0.5 K
from the model tropopause temperatures it is possible to
produce a ‘‘tuned’’ annual cycle in the tropical H2O
mixing ratios of just over 2 ppmv at 15 km (Figure 2a,
dashed curve).

[21] Using either of the two methods listed above to
represent the annual cycle in H2O mixing ratio at the
tropical tropopause, CHEM2D is capable of simulating
the tape recorder signal in stratospheric H2O. As Figure 3
shows, regions of alternating moist and dry air propagate
upwards at a rate of �1 km month�1, similar to observa-
tions [Mote et al., 1996]. Although its amplitude is sharply
attenuated between 15 and 20 km, the annual cycle is
clearly seen up to 30 km altitude. Above 35 km there is
evidence of a slight semiannual oscillation, in agreement
with the observed seasonal variation of stratospheric water
vapor reported by Randel et al. [2001].
[22] In its present form, the CHEM2D model is well

suited to test the sensitivity of the stratospheric water
vapor distribution to a number of different model param-
eters that govern the ascent rate of air in the tropical lower
stratosphere, including (1) changes in the amplitude of
planetary wave 1, (2) changes in the magnitude of the

Figure 2. (a) Annual cycle in equatorial H2O at 15 km
using a fixed sinusoidal variation (solid line) and using the
modeled annual cycle in temperature �0.5 K (dashed line).
(b) Modeled annual cycle in equatorial temperature at 15
km from the Q0 experiment used to produce the dashed
curve in (a).

Table 1. QBO Sensitivity Experiments

Experiment Description Period (months)

Q0 baseline model, no QBO –
Q1 baseline model, with QBO 27
Q2 reduced HLH 27
Q3 enhanced HLH 28
Q4 reduced ZNH 30
Q5 enhanced ZNH 24
Q6 enhanced ZSH 31

Figure 3. Annual cycle in model stratospheric H2O at the
equator from the Q0 simulation using the fixed lower
boundary condition. Contour interval is 0.2 ppmv.

MCCORMACK AND SISKIND: SIMULATIONS OF THE QUASI-BIENNIAL OSCILLATION ACL 7 - 5



prescribed latent heating source HLH , and (3) interaction
between the QBO and the seasonally varying meridional
circulation.

3. Response of the QBO to Changes in
External Forcing

[23] This section describes the modeled QBO in zonal
mean wind, temperature, and vertical velocity. This section
also examines how changes in the dynamical and thermal
forcing of the residual meridional circulation affect the
QBO. Specifically, we investigate how the period of the
modeled QBO varies in response to changes in the
imposed planetary wave forcing and prescribed latent
heating in the troposphere. Because the extratropical
QBO signals in temperature and long-lived constituents
are affected by the phasing of the tropical QBO with the
seasonal cycle, the interactive model can show how
changes in the QBO period modify the interannual varia-
bility in the extratropical signals.

3.1. Model QBO in ���u, ���T , ���w*, and Age of Air Estimates

[24] Table 1 lists six different 20 year model simulations
(denoted Q1–Q6), each starting from the same initial con-

ditions, that include the QBO parameterization outlined in
section 2.2. Model constituent and dynamical fields are
output every 30 days. An additional model run (Q0) listed
in Table 1 is a reference simulation that is identical to the Q1
simulation but does not include the QBO parameterization.
[25] The altitude/time profile of equatorial zonal winds

from the Q1 simulation in Figure 4a shows alternating
westerly and easterly flow between 20 and 35 km with a
period of 27 months. The meridional extent of the zonal
wind QBO at 26 km (Figure 4b) is ±20� latitude in each
hemisphere, which agrees well with observations [Baldwin
et al., 2001]. Table 2 gives a detailed comparison of the
modeled zonal wind QBO with the observed QBO in
Singapore winds (updated from the work of Naujokat
[1986]). The average value of the peak easterly wind
speed at 26 km (�22 hPa) of �21 m s�1 is weaker than
the corresponding peak easterlies of �33 m s�1 in the
Singapore record between 1971 and 1997. The average
value of maximum westerly shear in the model is 50% less
than what is observed. The model does capture the
observed asymmetry in the descent rate of the easterly
and westerly phases. In general, the modeled westerly
phase lasts longer than the easterly phase near 30 km,
and vice versa near 20 km, consistent with observations.
However, the model does not reproduce the exact altitude
at which this transition occurs, so that the duration of the
westerly phase at 26 km is longer than the duration of the
easterly phase by 1 month, contrary to the observed QBO.
It will be shown below that the inaccuracies in the
modeled strength and duration of alternating easterly and
westerly shear zones can introduce biases in the mean age
of air. Nevertheless, the parameterized QBO generates
realistic transport anomalies in stratospheric H2O and
CH4 (see section 4).
[26] A model simulation identical to the Q1 run but with

the dynamics and radiative heating uncoupled from the
photochemistry (not shown) produces similar QBO anoma-
lies in zonal wind, temperature, and residual vertical veloc-
ity but with a slightly longer period of 29 months. The
shorter QBO period in the coupled simulation is the result of
QBO-induced anomalies in lower stratospheric ozone alter-
ing the zonal wind QBO through radiative feedback in the
lower stratospheric heating rates, similar to the findings of
Cordero and Nathan [2000]. As with earlier modeling
studies using an imposed QBO, [e.g., Li et al., 1995;
Huang, 1996], we find that radiative feedback of the ozone
anomalies has little effect on the amplitude of the zonal
wind QBO.

Figure 4. (a) Altitude–time plot of equatorial zonal wind
from experiment Q1. (b) Corresponding latitude–time
section of equatorial zonal wind anomalies (annual cycle
removed) at 26 km. Contours drawn at ±5, ±10, ±20, and
±30 m s�1, with dashed contours for negative values.

Table 2. Modeled QBO versus Singapore Winds

CHEM2D Singapore

�umax (m s�1)a 23 20
�umin (m s�1)a �21 �36
½@�u@zmax (m s�1 km�1)b 4.0 8.2
½@�u@zmin (m s�1 km�1)b �5.6 �6.9
W length (months)a 14 12
E length (months)a 13 16
W descent (km month�1)c 1.0 1.4
E descent (km month�1)c 0.8 0.8

a26 km (�20 hPa).
bCentered difference at 26 km.
cFrom 29 to 21 km, �15–50 hPa.
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[27] Figure 5a shows the equatorial stratospheric temper-
ature anomalies resulting from the QBO-induced meri-
dional circulation in the Q1 simulation. (The anomalies
in temperature and circulation are determined by subtract-
ing the 20 year mean annual cycle from the corresponding
model time series). Alternating warm and cold temperature
anomalies in Figure 5a descend from 35 km down to 18
km, tracking the location of the westerly/easterly shear
zones, respectively, in model zonal wind (see Figure 4).
The latitude–time section of model temperatures at 26 km
in Figure 5b shows alternating warm and cold temperature
anomalies centered on the equator and anomalies of
opposite sign in the subtropics between 20� and 30�
latitude. A closer examination of the equatorial temper-
ature QBO at this level shows that the cold anomalies tend
to be slightly larger (�2.75 to �3.0 K) than the warm
anomalies (+2.5 K). At 20�N, the amplitude of the model
temperature variations is 1 K; at 20�S, it is 1.5 K. The
extratropical temperature response is strongest in both
hemispheres during the late winter/early spring months.
These features are consistent with the observed hemi-
spheric asymmetry and seasonal synchronization of the
extratropical QBO in lower stratospheric temperature due
to horizontal momentum advection by the meridional
circulation [Jones et al., 1998].

[28] The modeled QBO in residual vertical velocity �w* at
26 km from experiment Q1 is shown in Figure 6. We find
that the temperature and vertical velocity anomalies at this
level are of opposite phase, with the peak temperature
response leading the zonal wind by approximately 6
months, in agreement with the QBO circulation derived
from meteorological analyses [Randel et al., 1999].
Although the amplitude of the model temperature QBO in
Figure 5 agrees with observations, the amplitude of the
QBO in model �w* (±0.2 mm s�1 at 24 km) is almost twice
as large as that reported by Randel et al. [1999] based on
United Kingdom Meteorological Office (UKMO) meteoro-
logical analyses. Because the UKMO analyses systemati-
cally underestimate extrema in equatorial zonal wind
vertical shear, and thus �w*, at levels above 50 hPa [Randel
et al., 1999], it is likely that the amplitude of the real
variation lies between the lower limit set by observations
and the upper limit set by the model calculations presented
here. Recent estimates of QBO variations in �w* of 0.10–
0.15 mm s�1 between 20 and 40 hPa were reported by
Niwano and Shiotani [2001] based on trace gas measure-
ments from the HALOE instrument. It should be noted that
their study also found a 2–3 month phase difference
between interannual variations in the temperature and
vertical velocity fields and a very small (<0.05 mm s�1)
annual variation in �w* in the region between 30 and 70 hPa.

Figure 5. (a) Altitude–time plot of zonal mean tempera-
ture anomalies at the equator and (b) temperature anomalies
at 26 km from the Q1 experiment. Contours drawn at ±0.5,
1, 2, and 3 K, with dashed contours for negative values.

Figure 6. Same as Figure 5, but for model residual vertical
velocity (�w*) anomalies. Contours drawn at ±0.05, ±0.1,
±0.2, and ±0.3 mm s�1.
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This differs from the annual cycle in model vertical velocity
throughout this region, which ranges in amplitude from 0.5
to 1.0 mm s�1. Although detailed comparisons of recent
observations and model results are beyond the scope of the
present work, these apparent discrepancies need to be
addressed if we are to fully understand the impact of the
QBO on tracer transport. Table 2 shows that, in addition to
the magnitude of QBO anomalies in �w*, models must also
capture the observed asymmetry in descent rates and the
magnitude of the zonal wind shear.
[29] Cordero and Nathan [2000] noted that the larger

negative QBO temperature anomalies are a consequence of
the stronger easterly shear zones generated over the equator
by the parameterized Rossby-gravity wave mode. This is
reflected in the model residual vertical velocity (�w*) anoma-
lies plotted in Figure 6, where positive (upward) anomalies
at the equator are larger than the negative (downward)
anomalies. Also note the shorter duration of positive �w*
anomalies compared to negative �w* anomalies in Figure 6.
This is a consequence of the slower westerly descent and the
longer westerly QBO phase at 26 km, on average, as
compared to observations (Table 2). While lower strato-
spheric ascent is present throughout the entire year, the

QBO will act to increase or decrease the ascent rate depend-
ing on the sign of the zonal wind shear, its strength, and
duration. The overall effect of the modeled QBO is to
produce stronger ascent due to the weaker westerly shear
and stronger easterly shear, contrary to what is observed.
[30] This overall enhancement of upward motion through-

out the equatorial lower stratosphere due to the QBO has
implications for model estimates of the mean age of air,
which is a useful diagnostic for model transport of strato-
spheric tracers [Hall and Plumb, 1994]. The mean age of air
is determined from the transport of a fictitious tracer with a
time-dependent tropospheric source and no chemical loss or
horizontal eddy mixing (this is the ‘‘unmixed age’’ described
by Bacmeister et al. [1998]). With this definition, any
differences in the mean age of air will be due solely to
differences in the vertical transport of the tracer from the
source region. Figure 7a compares the mean age of air for a
fictitious long-lived trace constituent in experiments Q0 (no
QBO) and Q1 (with QBO). Between 5�N and 5�S latitude,
the difference in the age of air produced by the QBO (Figure
7b) ranges from 3 to 4 months, and the largest differences are
found between 25 and 30 km altitude. The presence of the
QBO acts to reduce the modeled mean age of air in the
stratosphere by increasing the overall ascent rate of air in
the tropical lower stratosphere due to stronger easterly shear
compared to westerly shear in the modeled zonal winds.
Most two-dimensional and three-dimensional models with-
out a QBO significantly underestimate the mean age of air as
derived from constituent observations [Hall et al., 1999].
Based on the results shown in Figure 7, including the QBO
will improve the modeled interannual variability in transport
of H2O and CH4, but will not significantly affect age of air
calculations.

3.2. Sensitivity of the Model QBO to External Forcing

[31] Within the TEM formulation of the model, the
equatorial zonal wind tendency in the lower stratosphere
(i.e., below 30 km) can be expressed as

@�u

@t
¼ ��v* @�u

a@f

� �
� �w*

@�u

@z
þ �X ð6Þ

where �X represents the QBO forcing (equation (3)) and we
have neglected the extratropical planetary wave, gravity
wave, and Coriolis terms. Model calculations show that the
vertical momentum advection term in equation (6) is much
larger than the horizontal momentum advection term. This
implies that the modeled QBO in zonal winds can be
influenced by both the specified tropical momentum source
�X and by the strength of the vertical component of the
residual circulation (�w*) in the equatorial lower strato-
sphere. In this section, we examine the sensitivity of
the modeled zonal wind QBO simulation to changes in the
strength of the dynamical and thermal forcing of the
meridional circulation.
[32] Bacmeister et al. [1998] found that both �w* and the

mean age of air in CHEM2D simulations are sensitive to
changes in the prescribed model latent heating profiles in
the tropical troposphere. These earlier simulations were
performed without coupling between the model dynamics
and photochemistry, and net radiative heating rates were
computed from climatological distributions of ozone,

Figure 7. (a) Mean age of air (in years) from experiments
Q0 (solid contours) and Q1 (dashed contours). (b) Time–
altitude plot of the difference in mean age of air at the
equator between experiments Q1 and Q0. Contour interval
is 1 month. Dashed contours denote negative values.
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water vapor, etc. To determine the effect of these heating
changes on the modeled QBO in the coupled model, two
simulations were performed in which the prescribed latent
heating HLH was decreased or increased everywhere by
25% (experiments Q2 and Q3, respectively). When com-
pared to the baseline QBO simulation Q1, the time mean
vertical profiles of �w* averaged between 10�N and 10�S
latitude from the Q2 and Q3 runs show a weak depend-
ence on the strength of the prescribed latent heating, with
larger heating producing slightly increased ascent. Increas-
ing the latent heating by 25% lengthens the period of the
QBO in the Q3 run by 1 month compared to the Q1
simulation. A 25% decrease in the latent heating does not
change the QBO period at all. Thus the effect of these
heating changes on the period of the zonal wind QBO is
marginal.
[33] As noted in section 1, ascent in the tropical strato-

sphere is also controlled by extratropical planetary wave
forcing in the winter hemisphere. Dunkerton [1991] dem-
onstrated that an increase in the imposed extratropical
forcing produces stronger ascent and a longer QBO period
in an idealized two-dimensional model, while a decrease in
the imposed forcing produces the opposite effect. The
modeling study of Kinnersley and Pawson [1996] showed
that an increase in diabatic heating in the equatorial lower

stratosphere should lead to a stalling of the zero wind line,
particularly in the easterly phase of the QBO, which also
increases the QBO period. In their model, changes in
lower stratospheric heating rates were introduced when
the effect of planetary wave activity on tropical ozone was
included. In the present study, two additional simulations
were carried out to determine how the modeled QBO
period responds to changes in the strength of the planetary
wave forcing through the EP flux divergence term in
equation (1). In these simulations, the amplitude ZNH of
the Northern Hemisphere planetary wave forcing at the
model lower boundary was decreased (experiment Q4) and
increased (experiment Q5) by 25% relative to the Q1
simulation (see Table 1).
[34] In Figure 8a, the descent of the easterly QBO phase

is delayed in the Q4 case, and the period of the QBO is
extended to 30 months. In the Q5 case (Figure 8b), the
more rapid descent of the QBO easterlies produces a 24
month QBO. This result may seem to contradict earlier
studies that show an increase in the QBO period as
extratropical planetary wave drag increases [e.g., Dunker-
ton, 1991]. Why then does the larger imposed planetary
wave amplitude in experiment Q5 produce a shorter QBO
period? As shown in Figure 9a, a larger planetary wave

Figure 8. Equatorial zonal wind profile from the Q4 (a)
and the Q5 (b) experiments in which the NH planetary wave
forcing is decreased and increased by 25%, respectively.
Contours drawn at ±5, ±10, ±20, and ±30 m s�1.

Figure 9. (a) Meridional profile of the planetary wave
amplitudes at the model lower boundary for the Q1 (solid
line), Q4 (dashed), Q5 (dot-dashed), and Q6 (dotted)
experiments. (b) Vertical profiles of annual mean �w* at
the equator for the four experiments in (a). The period of the
equatorial zonal wind QBO (in months) at 26 km for each
experiment is shown in parentheses.
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amplitude is adopted in the NH to produce a realistic
hemispheric asymmetry in the wintertime zonal wind
fields (Figure 1). The larger amplitude wave is closer to
‘‘saturation,’’ and so increasing its amplitude further will
primarily affect the location of maximum EP flux diver-
gence rather than changing its overall strength [Bacmeister
et al., 1998, Figure 8]. When the wave forcing is increased
in the Q5 experiment, there is an increase in EP flux
divergence in the Northern midlatitudes below 20 km, and
a decrease in EP flux divergence above 20 km. The annual
average �w* at the equator in the Q5 experiment, plotted in
Figure 9b, responds accordingly, increasing below 20 km
and decreasing above 20 km. Reducing the NH wave
amplitude has the opposite effect on the vertical velocity
profile and the period of the QBO.
[35] To further illustrate this point, an additional model

run (Q6) was performed in which the planetary wave
amplitude ZSH was increased by 25%. The result is an
increase in �w* throughout the stratosphere and a QBO
period of 31 months (Figure 9b). Because the SH wave
amplitude is much smaller than its NH counterpart, it is
farther from becoming saturated and so the large-scale
circulation response conforms to previous expectations,
i.e., increased wave amplitude produces greater extratrop-
ical forcing and stronger equatorial upwelling. From these
results we conclude that the sensitivity of the QBO to
changes in extratropical forcing is dependent not only on
the magnitude of these changes but also on their location, a
conclusion in accord with the sensitivity studies performed
by Plumb and Eluszkiewicz [1999] with their nonlinear two-
dimensional model.

3.3. Low-Frequency Variability

[36] The preceding series of model experiments dem-
onstrates that the period of the QBO is less sensitive to
changes in latent heating than to changes in the strength
of the extratropical planetary wave activity that drives
the meridional circulation. Although the uniform ±25%
differences in mechanical and thermal forcing used in
our sensitivity experiments may be unrealistic, it is
conceivable that comparable variations in the latent
heating or planetary wave amplitudes over localized

regions more typical of natural interannual variability
could introduce changes in the period of the QBO of
a few months. Such changes could produce a range of
low-frequency oscillations in lower stratospheric temper-
atures and ozone that arises from the phasing of the
QBO-induced meridional circulation and the seasonal
cycle [Gray and Dunkerton, 1990].
[37] For example, the QBO signal in extratropical

temperatures at 26 km from the Q1 model simulation
(Figure 5, bottom panel) exhibits a modulation in both
hemispheres with a period of �9 years. Spectral analysis
of the model zonal wind time series at 26 km [Ghil et al.,
2002] shows a peak at 27 months, meaning the maximum
easterly/westerly phase of the QBO will coincide with the
stronger winter hemisphere circulation once every 4
cycles, which results in a beat period of 9 years. This
is seen in temperature anomalies at 26 km between 20�
and 40� latitude from the Q1 experiment shown in Figure
5. This low-frequency variability is also seen in model
ozone and water vapor throughout the lower stratosphere
(not shown).
[38] Figure 10 shows that changes in the QBO period

will result in different beat periods in the extratropical
QBO signal. In the Q3 experiment, the resulting 28 month
QBO now produces a beat period of 7 years in the
extratropical temperature response at 26 km. The Q5
experiment produces a QBO period of 2 years, in which
case the QBO and seasonal cycle are always in phase and
there is no low-frequency signal present in the extra-
tropics. The relationship between the period of the QBO
and the low-frequency variability in the extratropical
signal (Figure 11) is such that variations of 5–15 years
are possible for the typical range of QBO periods that is
observed. Because the interaction between the QBO and
the wintertime meridional circulation impacts the zonally
averaged transport of trace constituents in the subtropics,
the period of the QBO can influence the decadal varia-
bility in species such as ozone and water vapor. Similarly,
the QBO period may also modulate decadal-scale varia-
bility at high latitudes in the upper stratosphere and

Figure 10. Latitude–time section of zonal mean tempera-
ture at 26 km from experiment Q3 with increased latent
heating. Contours drawn every 0.5 K. Dashed contours
denote negative values.

Figure 11. The beat period (in years) produced by the
phasing of the equatorial QBO and the seasonal cycle as a
function of QBO period (in months).
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mesosphere through the filtering of gravity waves by
successive easterly and westerly QBO regimes [Mayr et
al., 2000].

4. The QBO in H2O and CH4

[39] This section describes simulations of the QBO in
stratospheric H2O and CH4 produced by the three experi-
ments listed in Table 3. Each experiment uses a different
lower boundary condition for the water vapor mixing ratio
at the tropical tropopause. The Q1 simulation (same as listed
in Table 1) has an imposed sinusoidal variation in H2O
mixing ratio at 15 km in the tropics with an amplitude of
1 ppmv and a period of 1 year whose phase is adjusted to
match the observed annual cycle (see Figure 2a, solid
curve). This so-called fixed lower boundary condition on
the equatorial H2O mixing ratio makes it possible to isolate
the part of the modeled H2O QBO that is due solely to
transport, i.e., it does not include the QBO in tropical
tropopause temperatures modifying the entry value of
H2O into the lowermost stratosphere. The W2 model run
has a constant water vapor lower boundary condition (i.e.,
no ‘‘tape recorder’’), in which the mixing ratios are kept at
3.5 ppmv throughout the entire troposphere. Comparing the
results of experimentsW2 and Q1 illustrates the dependence
of the lower stratospheric H2O QBO on the presence of an
imposed annual cycle in water vapor at the tropical tropo-
pause [see also Geller et al., 2002]. TheW3 experiment uses
a fully interactive lower boundary condition in which the
mixing ratios at the tropical tropopause vary according to
the model temperatures in that region (see Figure 2a, dashed
curve). Since these temperatures include a QBO signal,
the resulting H2O anomalies in experiment W3 represents
the combined effects of the QBO in transport and in the
temperature variability of the tropical tropopause region.
[40] Figure 12a shows the model equatorial H2O anoma-

lies from year 5 to year 20 in model run Q1. Alternating
positive and negative anomalies of 0.05–0.1 ppmv are
present between 20 and 40 km (see Table 3). The anoma-
lies between 28 and 35 km are opposite in sign from the
lower stratospheric anomalies. At 30 km (Figure 12b), the
largest H2O anomalies are found in the subtropics during
the winter months. Figure 13 depicts the structure of the �v*
anomalies superimposed upon the background H2O mixing
ratio distribution. During periods of westerly shear (Figure
13a), the QBO-induced circulation anomaly consists of a
downward perturbation in vertical velocity over the equator
between 20 and 30 km, which produces convergent �v*
anomalies near 30 km and a divergent �v* near 20 km.
These convergent anomalies in �v* advect air with higher
moisture content from the subtropics, producing a positive
equatorial water vapor anomaly at 30 km. During periods
of easterly shear (Figure 13b), the situation is reversed,
with a positive �w* anomaly over the equator producing

divergent �v* anomalies and a negative water vapor anom-
aly near 30 km.
[41] The occurrence of large H2O anomalies in the sub-

tropics at 30 km during late winter and early spring (Figure
12b) months suggests that these anomalies originate from
advection by the QBO-induced meridional circulation [e.g.,
Jones et al., 1998]. This can be seen by examining the
interannual variability in each of the terms on the right hand
side of the tracer tendency equation (equation (5)). The
largest contributions to the interannual variability in the
H2O tendency equation at 30 km and 20�N come from
vertical advection, meridional advection, and horizontal
eddy diffusion. Net photochemical sources are not negli-
gible in the tendency equation, but their interannual varia-
bility is small; the vertical diffusion term is much smaller
than any of the other terms and can be neglected.

Table 3. Dependence of Water Vapor QBO on Model Lower Boundary Condition

Amplitude of QBO in H2O (ppmv)

Experiment Boundary condition 15 km 20 km 25 km 30 km 35 km

Q1 fixed annual cycle 0.005 0.062 0.104 0.120 0.128
W2 no annual cycle (constant) 0.000 0.015 0.047 0.097 0.131
W3 interactive annual cycle 0.229 0.129 0.126 0.148 0.125

Figure 12. (a) Model QBO anomalies (climatological
annual cycle removed) in equatorial water vapor and (b)
water vapor anomalies at 30 km from the Q1 experiment.
Contour interval is 0.05 ppmv. Dashed contours indicate
negative values.
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[42] As the results from the Q1 experiment in Figure 14a
show, there is considerable variability in the meridional
advection component associated with the QBO consisting of
stronger negative tendencies during the easterly phase (e.g.,
years 11 and 13) and weaker negative tendencies during the
westerly phase (e.g., years 10, 12, and 14). The contribution
of this term to the net H2O tendency is seen by comparing
the sum of the three terms (meridional advection, vertical
advection, and horizontal eddy diffusion) from the Q1
experiment in Figure 14b (black curve) with the Q0 experi-
ment (gray curve). As compared to the baseline Q0 case (no
QBO), the more negative net tendencies leading up to
winter/spring in years 11 and 13 in the Q1 run from the
meridional advection term will promote lower H2O mixing
ratios overall. The opposite is true in the months leading up
to winter/spring of years 12 and 14, where the less negative
meridional advection term promotes higher H2O mixing
ratios as compared to the Q0 case. Analysis of the CH4

tendency terms (not shown) yields similar results although
of opposite sign. While model values of the horizontal eddy

diffusion Kyy in this region have larger values during the
westerly QBO phase and smaller values during the easterly
phase, the meridional gradient in Kyy is not greatly affected
and so horizontal eddy diffusion produces a smaller con-
tribution to the interannual variability in the tracer tenden-
cies. The primary role of meridional transport in producing
tracer anomalies supports the conclusions drawn from
recent observational analyses of O3, CH4, and H2O [Gray
and Russell, 1999; Dunkerton, 2001].
[43] Since the distributions of H2O and CH4 in the middle

atmosphere are closely coupled through the oxidation of
CH4 via OH, vertical and meridional gradients in middle
atmospheric H2O and CH4 are of opposite sign. Similarly,
variations in H2O and CH4 due to the QBO-induced
circulation will also be opposite in sign. Figure 15a shows
QBO anomalies in equatorial CH4 from experiment Q1 with
values ranging between ±0.025 and ±0.05 ppmv. The sign
of the CH4 anomalies are negatively correlated with the
modeled H2O anomalies (Figure 12). The QBO in CH4 over
the equator is only present above 28 km. Figure 15b shows
the largest CH4 anomalies at 30 km are found in the
subtropics, in good agreement with HALOE observations
[Randel et al., 1998; Dunkerton, 2001]. As in the case for
H2O, analysis of the CH4 tendencies indicates that advec-

Figure 13. (a) Anomalies in meridional velocity �v*
(dashed contours for negative, dotted contours for positive)
on day 91, year 12 of experiment Q1 during the descending
westerly phase of the QBO, superimposed upon the
background water vapor mixing ratio from experiment Q0
(solid contours). (b) Same as in (a), but for day 331, year 12
of experiment Q1 during the descending easterly phase of
the QBO.

Figure 14. Components of the H2O mixing ratio tendency
equation at 30 km and 20�N from experiment Q1
corresponding to meridional advection (solid curve),
vertical advection (dashed), and meridional eddy mixing
term (dot-dashed). (b) The black curve represents the sum of
all three components in (a). The gray curve is the
corresponding sum from the Q0 experiment with no QBO.
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tion by the meridional component of the residual circulation
is the primary source of these anomalies.
[44] Figure 16 illustrates why a QBO in lower strato-

spheric H2O mixing ratios, but not in CH4, is due to the
presence of the annual cycle in H2O mixing ratios at the
tropical tropopause. Comparing the water vapor distribu-
tions on day 91, year 12 in experiments Q1 (‘‘fixed’’ tape
recorder),W2 (no tape recorder), and W3 (tape recorder plus
QBO effect) with the CH4 distribution from the Q1 run, one
can see that vertical and horizontal gradients in H2O mixing
ratio throughout the equatorial lower stratosphere are much
more pronounced than gradients in CH4 mixing ratio when
the tape recorder effect is included (e.g., runs Q1 and W3).
[45] The role of the tape recorder effect in producing the

equatorial QBO anomalies is illustrated further in Figure 17.
In the absence of appreciable vertical and meridional
gradients, the QBO circulation anomalies in experiment
W2 produce little to no interannual variation in H2O below
28 km (Figure 17a). However, when the �0.5 K QBO in
model equatorial tropopause temperatures is included in the
water vapor boundary condition (experiment W3), the
amplitude of the equatorial QBO in lower stratospheric
H2O is enhanced significantly compared to experiment Q1
with no QBO effect in tropopause temperatures. A compar-

ison of the lower stratospheric water vapor anomalies in
Figures 17b and 12a shows that this enhancement can be as
much as a factor of two (see also Table 3). Taking the
difference between the equatorial H2O anomalies in experi-
mentsW3 andW2 (Figure 17c) reveals that the effects of the
imposed lower boundary condition can extend up to 40 km.
[46] The vertical and horizontal advection terms in the

equatorial H2O and CH4 tendencies at 21 km are shown in
Figures 18 and 19, respectively, for the Q1, W2, and W3
experiments. In contrast to the subtropics (Figure 14),
comparing Figures 18 and 19 shows that the contribution
to the QBO in H2O from vertical advection is much larger
than the contribution from meridional advection. Regarding
the presence of the tape recorder effect, interannual varia-
tions in the vertical advection of H2O in the Q1 and W3
cases are much larger than in the W2 case (Figure 18a). In
all three cases, there are vanishingly small variations in the
CH4 tendency (Figure 18b). Similarly, the QBO in meri-
dional advection of H2O in the Q1 case is much larger than
in the W2 case, and larger still in the W3 case (Figure 19a),
but no similar dependence is found in the CH4 tendency
(Figure 19b). One caveat regarding the enhancements in the
modeled water vapor QBO seen in experiment W3 is that
the model may overestimate such an effect by assuming that
the QBO in zonally averaged equatorial temperature con-
trols the H2O mixing ratio lower boundary condition over
the entire model domain. In the real atmosphere, sources of
lower stratospheric H2O from tropical convection have a
pronounced zonal dependence [Jackson et al., 1998], and it
is not entirely clear how the lower stratospheric temperature
QBO affects these sources.

5. Summary and Discussion

[47] An interactive parameterization for the QBO has
been implemented in a zonally averaged photochemical–
dynamical model to investigate the effect that interannual
variations in the mean meridional circulation of the equa-
torial stratosphere have on the distribution of H2O, CH4,
and mean age of air in the stratosphere. One advantage of
this approach is that the period of the QBO is not imposed,
but free to vary according to the mechanical and thermody-
namic forcing of the model circulation. We find that the
period of the QBO is more sensitive to changes in the
specified planetary wave forcing and less sensitive to
changes in the prescribed latent heating attributed to con-
vective activity near the tropopause. However, the response
of the mean meridional circulation to changes in planetary
wave forcing, and its effect on the period of the QBO,
depends on whether they are imposed in the Northern or
Southern Hemisphere.
[48] In the Southern Hemisphere, a 25% increase in

planetary wave amplitude leads to stronger tropical
upwelling and a longer QBO period (31 months compared
with 27 months in the baseline experiment). The same
increase in Northern Hemisphere planetary wave ampli-
tude leads to weaker tropical upwelling above 20 km,
thereby reducing the QBO period by 3 months, contrary
to what one might expect. The difference in the response
of the QBO between the Q5 and Q6 experiments is
explained by the differences in the imposed planetary
wave forcing in each hemisphere. The larger planetary

Figure 15. (a) Model QBO anomalies in equatorial CH4

and (b) CH4 anomalies at 30 km from the Q1 experiment.
Contours drawn at ±0.025, ±0.05, ±0.10, and ±0.15 ppmv,
with dashed contours indicating negative values.
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wave amplitudes in NH are much closer to saturation, so
further increases result in additional drag lower down and
reduced drag higher up. Decreasing the wave forcing in
the NH has the opposite effect. The smaller wave forcing
in the SH means that the waves are much farther from
saturation, and so an increase in the forcing at the lower
boundary produces increased drag throughout the extra-
tropical winter stratosphere. The responses of both trop-
ical upwelling in the stratosphere and the QBO period to
changes in the strength of planetary wave forcing in the
NH can be classified as nonlinear, while the responses to
changes in the SH forcing can be classified as linear. The
variable length of the QBO period is important, since the
phasing of the QBO with the annual cycle can produce
low-frequency (i.e., decadal) modulation of the QBO
signal in constituent fields within and without the tropical
stratosphere. Our results show that the origins of quasi-
periodicity in the QBO may arise as a complex response
to changes in the strength of both tropical and extratrop-
ical forcing mechanisms.
[49] An annually varying lower boundary condition in

modeled H2O mixing ratio at the tropical tropopause has
also been included to simulate the observed atmospheric
‘‘tape recorder’’ effect. This allows the moisture content

of air parcels entering the lower stratosphere to vary
according to the modeled annual cycle in tropical tropo-
pause temperature. Without this feature, the modeled
QBO in equatorial water vapor is confined to altitudes
of 30–40 km. With this feature, the model produces a
QBO anomaly of 0.1 ppmv in the region between 25 and
30 km. This is comparable to the observed interannual
anomalies of 0.1–0.2 ppmv in HALOE H2O reported by
Randel et al. [1998]. When the effect of the QBO is
included in the model tropopause temperatures, the H2O
QBO between 15 and 20 km is significantly larger. The
presence of a QBO in H2O mixing ratio but not in CH4

below 30 km can be explained by the interaction
between the modeled annual cycle in lower stratospheric
H2O and the QBO-induced meridional circulation anoma-
lies. The model calculations show that the tropical H2O
anomalies at and below 30 km are produced mainly
through transport by the QBO-induced meridional circu-
lation, while QBO modulation of eddy transport plays a
smaller role.
[50] The strength of the QBO-induced meridional circu-

lation anomalies are coupled with the seasonal cycle, i.e.,
they are strongest in the winter hemisphere [Jones et al.,
1998]. This coupling produces a hemispheric asymmetry in

Figure 16. Latitude–altitude plots of H2O mixing ratio on day 91, year 12 of experiment Q1 (a), W2
(b), andW3 (c). Corresponding latitude–altitude plot of CH4 mixing ratio in experiment Q1 (d). Contours
are drawn every 0.4 ppmv.

ACL 7 - 14 MCCORMACK AND SISKIND: SIMULATIONS OF THE QUASI-BIENNIAL OSCILLATION



the constituent QBO anomalies having a maximum at
subtropical latitudes. The 20 year simulations show that
this coupling produces a low-frequency beating in the
subtropical QBO signal, and this frequency depends on
the QBO period. The 27 month QBO period in the coupled
simulation produces a 9 year modulation that is seen in
model temperature, H2O, and CH4 anomalies. However, this
low-frequency variation results from an unrealistic condi-
tion, i.e., that the period of the QBO does not change
throughout the course of the simulation. In the real atmos-
phere, the period of the QBO can be as short as 24 months
and as long as 34 months. It is desirable, therefore, to

determine what processes lead to this quasi-periodic behav-
ior and how they might be incorporated into the existing
model. Based upon our initial findings concerning the roles
of both planetary wave activity and tropical latent heating in
determining the model QBO period, it is possible that
including realistic variations in these quantities on seasonal
and interannual timescales could provide the necessary
quasi-periodicity within the existing two-dimensional model
framework.
[51] Although the present model formulation success-

fully reproduces many of the observed features of the
QBO in H2O and CH4 at 30 km and below, the simulation

Figure 17. Altitude–time plot of QBO anomalies in equatorial H2O mixing ratio from model
simulations (a) W2 and (b) W3 and their difference (c). Contours are drawn every ±0.05, 0.1, 0.2, and 0.3
ppmv, with dashed lines for negative values.
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does not adequately capture the interannual variability
above 40 km. In their analysis of HALOE measurements,
Randel et al. [1998] report that the QBO in equatorial CH4

maximizes near 40 km, and is accompanied by a QBO in
H2O at 40 km that is opposite in phase from the water
vapor QBO near 30 km. This observed behavior is a
consequence of strong vertical velocity anomalies over
the equator at 40 km deduced from meteorological anal-
yses [Randel et al., 1999]. The modeled QBO in equatorial
vertical velocity peaks well below 40 km, and therefore
does not generate the large variations in water vapor and
methane that are observed. This may be due to deficiencies
in the parameterization of the QBO, or it may be due to
the lack of a realistic SAO in equatorial zonal winds
near the stratopause. In the model, easterly flow persists
during the entire year over the equator between 40 and 55
km. Rocketsonde data show alternating easterly and west-
erly flow in this region, with the occurrence of the west-
erlies 2–3 months after the solstices [Garcia et al., 1997].
The unrealistic upper stratospheric equatorial winds in the
model may prevent alternating easterly and westerly shear
zones from forming due to QBO forcing, thereby limiting
the temperature and vertical velocity anomalies at and
above 40 km. Previous observational and diagnostic mod-
eling studies of subtropical tracer transport by the QBO

[Gray and Russell, 1999; Gray, 2000] have suggested that
the relative roles of advection and eddy transport are
altitude dependent, with eddy transport becoming more
important in the middle and upper stratosphere. This
highlights the need for an accurate simulation of an
interactive SAO in the equatorial upper stratosphere in
order to properly describe interannual variations in tracer
transport throughout the stratosphere.
[52] These interactive model simulations have shown

that the QBO has a substantial impact on the interannual
variability in stratospheric H2O and CH4 that extends to
decadal timescales. These simulations have also shown
that the QBO itself is sensitive to the strength of the
mechanisms that drive the residual meridional circulation.
In the case of H2O, the QBO causes variations directly
through advection by mean meridional circulation anoma-
lies, and indirectly through modulation of tropical tropo-
pause temperatures. This source of natural variability
should be accounted for when considering long-term
changes in stratospheric composition. For example, a
recent study by Waugh et al. [2001] finds the total chlorine
abundance in the upper stratosphere is decreasing faster
than expected since 1997. This behavior may be due to
decadal variability in the transport of constituents such as
H2O and CH4 that control the catalytic destruction of
ozone in this region. Model simulations with a realistic
QBO that is sensitive to changes in dynamical and thermal
forcing of the meridional circulation can improve our
understanding of observed long-term changes in radia-

Figure 18. Time series of the vertical advection term in
the mixing ratio tendency equation at 21 km from
experiments Q1 (solid curve), W2 (dashed), andW3 (dotted)
for equatorial H2O (a) and CH4 (b).

Figure 19. Same as in Figure 18, but for the meridional
advection term.
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tively active constituents such as water vapor and ozone,
and thereby aid in future assessments of the middle
atmospheric response to these changes.
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